Background: Atrial fibrillation (AF) represents a turning point in hypertrophic cardiomyopathy (HCM). Pulmonary Vein Isolation (PVI) with Radiofrequency Catheter Ablation (RFCA) is accepted to be successful in restoring sinus rhythm (SR) in HCM patients. The efficacy of cryoballoon (CB) therapy in HCM patients has not been studied so far. Methods: 166 patients with AF underwent PVI with CB technology in our single center between 1/2012 and 12/2015. To evaluate the efficacy of the CB therapy in HCM patients, we compared their clinical outcome with those in "Non-HCM" AF patients in a 3 and 6 months follow-up. Results: Out of 166 AF patients (65.7% paroxysmal AF, PAF), 4 patients had HCM and PAF (young males < 50 years). During the blanking period, 26 patients (15.8%) suffered from AF recurrence (11.0% PAF), including all HCM patients. The 6 months follow up of "Non-HCM" AF patients showed acceptable results (80% stable SR), whereas the HCM patients remained AF. In Conclusion: Even if the CB provides advantages, the single device cannot be recommended in HCM patients because of early AF recurrences. Anyway, because of the specific hemodynamic changes in HCM patients with AF, ablation should be sought in an early state of its occurrence, then, however, preferably with RFCA.
Introduction
AF is the most common sustained arrhythmia in HCM and occurs in 20% to 25% of HCM patients [1] . It is often poorly tolerated and is associated with significant clinical deterioration in HCM patients [2, 3] . AF increases in incidence with age, and is linked to left atrial (LA) enlargement reflecting the presence of advanced disease [2] . In the long term, AF is known to be a substantial risk factor for heart failure-related mortality, stroke, and severe functional disability, particularly in HCM patients <50 years of age with left ventricular outflow tract obstruction (in about 25% of all patients with HCM), [3] [4] [5] [6] .
Although, the more severe clinical course associated with the development of AF in younger HCM patients has not been explained satisfactorily, it is undoubted that the maintenance of sinus rhythm
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International Publisher (SR) is highly desirable. We know that HCM patients with recent onset of AF, mildly increased atrial size and mild or no symptoms seem to have the greatest potential of obtaining SR and to reduce or postpone the need for pharmacological antiarrhythmic therapy, likely due to lesser degrees of atrial remodeling [7] .
In our single center study we investigated in a large group of cryoballoon (CB) ablated AF patients, the feasibility and efficacy of PVI in HCM patients with AF. To our knowledge, that has not been studied so far. We discuss advantages and disadvantages of a single device ablation technique compared with Radiofrequency Ablation (RFCA) and whether this tool is able to influence the outcome in HCM patients with AF. Such data may be of clinical value in the treatment of highly symptomatic young people with this very complex cardiomyopathy.
Methods

Patients selected, complete study population
In our single center study we designed a retrospective analysis with AF patients undergoing CB therapy between 1/2012 and 12/2015 and elucidated HCM patients among "Non-HCM" patients. From the beginning up to April 2012, we used the first-generation CB, 28-mm (ArcticFront TM ), and since November 2012 the second-generation CB, 28 mm (Arctic FrontAdvanced TM , MedtronicCryocath, Pointe-Claire, Canada). The diagnosis of HCM followed the definition of an unexplained LV hypertrophy associated with non-dilated ventricular chambers in the absence of another cardiac or systemic disease that itself would be capable of producing the magnitude of hypertrophy [8] . In order to evaluate the efficacy of the CB therapy in HCM patients, we compared their clinical outcome to those in "Non-HCM" AF patients in a 3 and 6 months follow-up.
Patients selected, HCM patients in detail
Patient 1 was a 45 years old male and carrier of a dual-chamber ICD. The diagnosis of HCM was made seventeen years ago. He had no catheter-based septum ablation in the past. The long duration of HCM and the systolic anterior movement with moderate mitral regurgitation lead to a dilated LA (Figure 1 ). Figure 2 shows pressure tracings demonstrating the Brockenbrough-BraunwaldMorrow sign during cardiac catheterization. PAF was first diagnosed ten years before referral. In the past, he had emergent cardioversion on one occasion. He had never been treated with amiodarone; he was on Verapamil and oral anticoagulant therapy. Currently, AF onset resulted in such a hemodynamic impairment that he was subject to intensive care unit. Here an immediate external electrical cardioversion was necessary to stabilize the patient. Even in sinus rhythm the patient suffered from clearly elevated LA pressure as seen in Figure 3 .
Patient 2 was a 43 years old male and carrier of a dual-chamber ICD. The diagnosis of HCM was made ten years ago. He had had catheter-based septum ablation in the past. LA had a normal sizing. PAF was first diagnosed two years before referral; he had two episodes of AF and had never required cardioversion. He had never been treated with amiodarone; he was actually on beta-blockers and oral anticoagulant therapy.
Actually, he experienced several inappropriate ICD shocks because of AF with rapid ventricular response (Figure 4) . Patient 3 was a 42 years old male and carrier of a dual-chamber ICD. The diagnosis of HCM was made ten years ago. As patient two, he had had catheter-based septum ablation in the past and LA was not dilated. PAF was first diagnosed one year before referral. He had never been treated with amiodarone; he was on beta-blockers and oral anticoagulant therapy. Actually, AF onset resulted in hemodynamic deterioration, with the need for mechanical ventilation.
Patient 4 was a 50 years old male. When admitted in our hospital, he was on propafenone since years due to PAF. AF-related symptoms included several hospital admissions with palpitations and presyncopes. AF converted spontaneously to SR. In the past, only on one occasion external cardioversion was necessary. The diagnosis of HCM was currently made in our hospital, conventionally by imaging the hypertrophic cardiomyopathy with two-dimensional (2D) echocardiography and magnetic resonance imaging. LA had a normal sizing. We removed propfenone and gave instead beta-blockers. Furthermore, we added new oral anticoagulant therapy (dabigatran). This patient was not carrier of an ICD.
Procedure management
Three-dimensional computed tomography reconstruction of the LA was performed to assess the anatomy of the PVs. Transesophageal echocardiography ruled out atrial thrombi. All procedures were performed under conscious sedation and analgesia with propofol and fentanyl. After transseptal puncture (TSP), heparine was maintained to achieve an activated clotting time > 300 s. The technique of PVI with CB therapy has been described extensively [9] . Briefly, after a single TSP, we placed the stiff exchange guidewire in LSPV, and maneuvered the sheath and the AchieveTM towards the LSPV to facilitate the advancement of the balloon. The single application time was 240-300s per freeze.
During CB ablation of the right-sided PV, unaffected phrenic movement was monitored by both continuous phrenic nerve (PN) stimulation and continuous monitoring of spontaneous breathing. The isolation was verified as complete elimination of all PV signals at the antral or ostial level. Additionally, exit and entrance-block of all veins were confirmed on pacing maneuvers.
Follow-Up
The follow-up was performed at 3 and 6 months after the procedure, with physical examination, 12-lead ECG, and 7-day Holter monitoring. Recurrence was considered to be any episode of AF/atrial tachycardia lasting for ≥30 seconds after a blanking period of 3 months from the procedure. Repeat ablation was not allowed during the blanking period. Antiarrhythmic drugs were systematically used for the blanking period and discontinued after the end of the blanking period if patients were in sinus rhythm. 
Statistical analysis
All data was presented as mean ± standard deviation (SD). SPSS 22.0 software package was used for statistical analysis. Student's t-test and Chi-square test were used to determine the statistical significance of differences of numerical and categorical data. A p value of <0.05 was statistically significant. 6-months arrhythmia-free survival was reported as crude event rates and assessed through a time-to-event analysis by the Kaplan-Meier method.
Results
Characteristics of all AF patients
This retrospective analysis enrolled 166 patients with symptomatic PAF and persistent AF (persAF) undergoing PVI. Table 1 shows the baseline characteristics of the patients. They were 63.0±11.4 years old, 109 patients had PAF (65.7%), 57 patients persAF (34.3%), with duration of in mean 33 months (range 1 month to 240 months). In the three-dimensional computed tomography reconstruction of the LA, we found a normal PV anatomy in 139 AF patients (83.7%). 12 AF patients (7.2%) had a left common trunk, and 15 AF patients (9.0%) had an accessory vein on the right side. 
Characteristics of HCM patients with AF
Out of 166 AF patients, we found 4 patients with HCM (Table 2 shows their details: all males, age between 42 and 50 years, all ablated after November 2012 with the second-generation CB). Their functional status during SR was New York Heart Association (NYHA) class II. Three HCM patients were carrier of a dual-chamber ICD. AF-related symptoms in all HCM patients included palpitations, presyncopes, hypotension, dyspnea, and inappropriate shocks. In the three-dimensional computed tomography reconstruction of the LA, we found a normal PV anatomy. 
PVI results of all AF patients
All patients underwent the procedure with the 28 mm CB, whereas in 45 patients (27.9%) the first-generation CB was used, and in 121 patients (72.9%) the second-generation CB. After a mean of 2.1 applications in all veins, complete PVI was achieved in 156 AF patients (94%). Due to the patients` anatomy, suboptimal balloon positioning and occlusion lead to incomplete isolation of in total 10 PV (7 with the first-generation CB, and 3 with the second-generation CB). In 2 patients, the LSPV was incompletely isolated, in 1 patient the LIPV, in 2 patients the RSPV, and in 5 patients the RIPV. Comparing the procedural success of the first-generation CB to the second-generation CB, the complete PVI with the second-generation CB succeeded significantly more often (84.4% respective 97.5%, Chi-Quadrat-test p = 0,002). Total procedural time was 119.3±30 minutes. Mean minimal temperatures were -50.6 ± 5.9°C in the LSPV, -45.7 ± 9.1°C in the LIPV, -49.5 ± 8.3°C in the RSPV and -44.0 ± 10.5°C in the RIPV.
PVI results in HCM patients
All 4 patients underwent the procedure with the second-generation CB, 28 mm. With the Mapping catheter Achieve TM , we found PV potentials in all veins. After a mean of 2.2 applications, all veins were isolated (e.g. Figure 5 ). Total procedure time was 140, twice 120 and 100 minutes, respectively. Mean minimal temperatures reached in the LSPV were -49.1±5.4°C, in the LIPV -50.6±11.58°C, in the RSPV -51.3±4.1°C, and -43.0±6.6°C in the RIPV. 
Short-and longterm follow up of all AF patients
During intervention, phrenic nerve paralysis occurred in 10. Pericardial effusion occurred in 2 patients (1.2%), and could be managed conservatively; one neurological event occurred in 1 patient (0.6%), eight hours after the procedure. As far as the follow up, table 3 shows the details of the 3 and 6 months follow up. In total, 10 patients (6.0%) were lost after 6 months; 2 patients (1.2%) died due to a non-cardiac disease. During the blanking period of 3 months, 26 patients (15.8%) suffered episodes of AF (12 patients with PAF, 11.0%, and 14 patients with persAF, 25.0%). After 6 months 129 patients (77.7%) were in stable SR (89 patients with PAF, 82.4%, and 40 patients with persAF, 71.4%). In 6 patients with recurrence of AF (3.6%), a re-do procedure with RFCA was performed > 4 months after the index procedure. 
Short-and longterm follow up of HCM patients
No procedure complications occurred. All HCM patients had an uneventful clinical course. Oral anticoagulation was continued and all patients were discharged the next days. In the follow up, all HCM patients suffered from early AF recurrences within the first three months (blanking period). Taking the small subgroup of in total 12 patients with PAF and recurrence of AF during the blanking period, we found our 4 HCM patients in this subgroup. The Kaplan-Meier curve for AF free survival for all AF patients at 6 months illustrates the worst short-term AF free survival with high recurrence rate of AF in the patients with HCM ( Figure 6 ). In the further follow up, patient 1 underwent a re-do procedure with RFCA after 4 months. We found atypical left atrial flutter that was ablated successfully drawing a roof line and a mitral isthmus line. The following month AF occurred again as we saw in the ICD interrogation; it was better tolerated, so that the patient refused further interventions. Patient 2 and 4 received temporarily amiodarone in the blanking period and refused further interventions. They have been in permanent AF for 12 months. Clinically, they tolerated AF better, no further hospital admissions were necessary. Patient 3 underwent a surgical AF ablation after 1 year after the index procedure.
Discussion
Since the early PVI advances in the treatment of AF, the CB therapy has been experiencing increasing importance in terms of their faster feasibility in comparison to RFCA. We see the need to provide data of PVI results in patients with complex hemodynamics as those with HCM. In 166 AF patients, we showed that CB therapy failed to maintain SR in this patient group.
The charm of the electrophysiological guided CB ablation in comparison to the irrigated-tip RFCA is in the 1) often shorter procedure time, the 2) only once to do transseptal puncture and the 3) lack of added volume administration in the often dilated and volume overloaded LA. Even more disappointing is the fact that -in comparison to the Non-HCM patients -already in the blanking period the CB ablation leads to partly unchanged frequent AF recurrences in all HCM patients.
Pathophysiological aspects in patients with HCM and AF
Over time, already in rest, due to the myocardial hypertrophy with impaired left ventricular (LV) relaxation during early diastolic filling, the LV end diastolic volumes decrease and the LV end diastolic pressures increase. To improve the ventricular filling during diastole, atrial contraction increases, and in patients with HCM, most of the LV inflow volumes are contributed by atrial contraction -in other words: SR becomes mandatory to maintain the complex hemodynamic balance in HCM with and without obstruction. When HCM is complicated by AF with tachycardia, the sudden loss of atrial contraction decreases primarily the cardiac output, and leads secondarily to the development of sometimes severe acute heart failure.
Medical therapy in patients with HCM and AF
Previous studies have shown that converting and maintaining SR pharmacologically is sometimes effective, e.g. Disopyramide (with ventricular rate-controlling agents) and amiodarone [10, 11] , but due to its side effects and limited long-term efficacy, amiodarone cannot be a real option to maintain SR [2] . To reduce or postpone the need for pharmacological antiarrhythmic therapy, radiofrequency catheter ablation (RFCA) has emerged as a feasible and safe treatment strategy with satisfactory short-and midterm results for symptomatic drug-resistant AF even in advanced disease and severe dilatation of the LA [7, [12] [13] [14] [15] [16] . Taking the last updated guidelines on the management of AF in the general population [17] , where the use of catheter ablation in selected patients as first-line therapy for paroxysmal AF (PAF) is recommended, one could hypothesize that HCM patients could also benefit from early pulmonary vein isolation (PVI), although in so far as it is still unclear whether pulmonary vein (PV) triggering alone is the underlying pathophysiological mechanism in HCM [18] .
RFCA in HCM patients
There is consensus that especially young HCM patients with small atrial size and mild symptoms proved to be the best RF candidates, likely due to lesser degrees of atrial remodelling. Some groups could show the feasibility, safety and long term efficacy of RF ablation in HCM cohorts including patients in later stages of the disease with a relatively long history of AF, who had failed serial antiarrhythmic drug testing; ablation had lead them to improved functional status and reduced need for long-term pharmacologic treatment [7, [12] [13] [14] [15] [16] , even if redo procedures were often necessary [13] . The reason of the success of RFCA PVI in HCM patients remains uncertain as the pathophysiological aspects of AF in HCM are not well understood. The success is possibly explained with the wide antral isolation that might hypothetically affect the periosteal nervous system and reduce its influence on these structures. This reduced influence of the nervous system, also described to be present in the second generation of CB catheters, maybe leads to a reduction in the tachycardia rate and thus to an improvement of the clinical tolerance (as in patient 1, 2 and 4 who refused further intervention in permanent AF) and a decrease in the risk of inappropriate ICD shocks (as in patient 3, who suffered several AF episodes without further ICD shocks).
Cryoballoon Therapy in AF
While focal RF catheters have been the standard-of-care for AF ablation [17] , balloon-based technologies were developed in an attempt to deliver ablative energy in a more continuous pattern without conduction gaps during cardiac tissue isolation [19, 20] . The second generation cryoballoon (CB; Arctic Front AdvanceTM) was released in 2012, and it was designed to achieve more uniform cooling across the entire distal hemisphere of the balloon using eight injection tubes versus the original four-port design in the first generation of CB [21, 22] . Acutely, the time to achieve PVI has shortened and acute PV reconnection is rare, and chronically, freedom from AF seems to be higher in non-randomized studies [21] [22] [23] [24] [25] [26] [27] . Moreover, the rates of PV reconnection in patients with recurrent AF are remarkably low compared with historic controls [28] .
CB ablation in our HCM patients
Our four HCM patients reflect very well the diversity of clinical severe signs and therefore the complexity of this heart disease. The sudden onset of AF with the loss of atrial systole and the uncontrolled fast ventricular beats lead in all our patients to severe hemodynamic deterioration with hypotension, heart failure, necessity of non-invasive ventilation and furthermore, inappropriate shock therapies in carriers of an ICD. Common to all our patients is their young age and for this already very long history of the underlying disease (all between 42 and 50 years, HCM known since about 10 years). AF in these patients did not occur for the first time but taking the history in detail, AF may be described as PAF. No antiarrhythmic drugs were used in all patients. Common to them is also -in accordance with the chronic course of AF -that the episodes of AF mounted up and were associated with frequent hospital admissions. Our patient 4 in particular shows how difficult it can be to make the diagnosis of HCM.
This example raises the question, of how many undetected young HCM patients with PAF have falsely been treated for years with antiarrhythmic drugs of class IIc.
Reasons for the worst short-term AF free survival in CB ablated HCM patients
In contrast to previous findings in studies using RFCA to isolate the PVs (see below) in HCM patients, our data demonstrated a worse short-term outcome in the HCM patients with AF but using CB. The reason for the very high and early recurrence rate in our HCM patients is not clear. Surely, one would have been able to increase the probability of long term success if we had tried to induce AF at the end of the procedure by burst pacing or adenosine to exclude an early PV reconnection, but this is probably of minor importance. Unfortunately, we cannot provide substantiation if the PVs are reconnected or not, because only one patient has been followed up in a redo procedure. Maybe the recurrence rate of AF was so high, because CB eliminates focal triggers in PVs but cannot be expected to reach non-PV triggers that might exist in HCM patients. Furthermore, we did not look after other triggers than PV potentials during the procedure. The only case report in the literature describing successful PVI with the CB technology in a 42-year-old man -with a history of HCM -and highly symptomatic paroxysmal drug-resistant AF [29] , the author did an additional ablation of an endocardial focus with fractionated potentials at the base of the left appendage that finally terminated the episode of AF. No recurrence of AF was observed during a 10-month follow-up period.
Conclusion
Although we found "ideal" conditions in our CB treated HCM patients concerning age and anatomical status, and although CB was potentially feasible and successful regarding the isolation of the PVs, PVI with CB technology failed to maintain SR even in the early observation period after ablation and can therefore not be recommended. However, in general there should be no doubt that an early nonpharmacologic treatment in the absence of antiarrhythmic therapy options seems reasonable in this cohort to attenuate the symptoms of the affected patients and prevent frequent hospitalizations. Yes, it seems reasonable, although we know that progressive atrial remodeling, specific to the HCM disease process [30] , may influence the outcome of PVI, even if the procedure is initially successful. Irrespective of the underlying mechanism in HCM patients, RF ablation of AF seems to be the most efficient strategy to treat this arrhythmia in an early state of its occurrence.
Limitations of the present study
The small number of patients included is certainly a limitation but it does not seem to be very likely that a more extensive study is needed to confirm our preliminary observations. For that, we could well document the acute success with complete PVI after the CB ablation and the poor follow up with early AF recurrences in the blanking period. 
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